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SUPERCONDUC TING ANTENNA-COUPLED 
HOT-SPOT MICROBOLOMETER, METHODS 
FOR ITS MANUFACTURE AND USE, AND A 
BOLOMETRIC IMAGING ARRANGEMENT 

TECHNICAL FIELD 

The invention concerns generally the technology of 
antenna-coupled microbolometers. Especially the invention 
concerns an advantageous structure of an antenna-coupled 
microbolometer Where the sensing element is made of 
superconducting material. Additionally the invention con 
cerns a method for manufacturing such a microbolometer, as 
Well as a method for using such a microbolometer for 
detecting electromagnetic radiation. 

BACKGROUND OF THE INVENTION 

A bolometer in general is a radiation detector Where 
incoming electromagnetic radiation causes the temperature 
of a detector element to change in a Way that can be 
measured and converted into an electrical output signal. 
Microbolometers are a special instance of bolometers With 
the common features that they are small in size and fabri 
cated onto a planar semiconductor substrate using essen 
tially the same miniature lithographic techniques that are 
used for manufacturing integrated circuits. An antenna 
coupled microbolometer consists of a lithographically 
manufactured antenna that is coupled to a thermally sensi 
tive element, Which is impedance-matched to the antenna 
and dissipates antenna currents, thus acting as the antenna 
termination. If the antenna comprises tWo antenna branches, 
said thermally sensitive element is a narroW neck or isthmus 
that connects the antenna branches to each other. Aheat bath 
is provided for keeping the Whole antenna-coupled microbo 
lometer in a constant temperature, so that ideally all changes 
of temperature in the thermally sensitive element are due to 
time-varying currents induced to the antenna by received 
electromagnetic radiation. The radiation frequencies that are 
to be detected With antenna-coupled microbolometers are 
typically betWeen several tens of GHz and several tens of 
THz. Signal frequencies, i.e. the rate of change of the signal 
to be detected, is typically in the audio range. 
A major measure of the quality of an antenna-coupled 

microbolometer is its Noise Equivalent PoWer (NEP) ?gure, 
Which describes the sensitivity of the device, i.e. its ability 
of discriminating betWeen an actually received signal and 
noise. In an ideal situation the NEP is dominated by the 
so-called phonon noise, Which is a consequence of energy 
?uctuations betWeen the thermally sensitive element and the 
heat bath. In order to approach such an ideal situation (the 
absolute value of) the responsitivity of the bolometer should 
be large enough. This condition is dif?cult to reach With 
conventional metal bolometers, because the absolute value 
of the Temperature Coef?cient of Resistance (TCR) is too 
small for metals. Semiconductors typically have a TCR the 
absolute value of Which is larger, but then again semicon 
ductors are dif?cult to match to useful antennae, Which have 
a typical impedance of the order of 100 ohms. A Widely 
accepted solution is to use a superconductor ?lm, operated 
at the normal metal to superconductor transition, as the 
thermal sensing element. 

Apublication J. P. Rice, E. N. Grossman, D. A. Rudman: 
“Antenna-coupled high-Tc air-bridge microbolometer on 
silicon”, Applied Physics Letters, 65(6):773*775, 1994 is 
knoWn to disclose an antenna-coupled microbolometer With 
a NEP:9~l0_l2 W/\/Hz at a bath temperature of 87.4 K. 
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2 
HoWever, the fabrication of air-bridges of the kind shoWn in 
said publication has proven to be dif?cult. Additionally, 
making a microbolometer from a superconductor ?lm that 
has a high critical temperature (so-called high-Tc supercon 
ductor) usually necessitates using a buffer layer, such as 
YSZ (Y ttria-Stabilized Zirconia), betWeen the superconduc 
tor ?lm and the substrate. This increases the thermal con 
ductivity betWeen said materials, Which is a disadvantage. 
Additionally microbolometers made of high-Tc supercon 
ductor ?lms are knoWn to suffer from excessive amounts of 
so-called l/f noise, Which may require using a separate 
optical chopper in front of the bolometer. 

SUMMARY OF THE INVENTION 

It is an objective of the present invention to provide an 
antenna-coupled microbolometer structure that enables 
achieving a loW NEP ?gure and is easy to manufacture. 
Another objective of the present invention is to provide an 
advantageous method for manufacturing such an antenna 
coupled microbolometer structure. A further objective of the 
present invention is to provide an advantageous method for 
using an antenna-coupled microbolometer for detecting 
electromagnetic radiation. A yet another objective of the 
invention is to provide a bolometric imaging arrangement. 
The objectives concerning the microbolometer structure 

are met by producing an antenna-coupled microbolometer 
Where the thermally sensitive element is a thin bridge of a 
conventional lOW-Tc superconductor material, preferably 
niobium, suspended over a semiconductor substrate and 
separated therefrom by a vacuum gap. The objectives con 
cerning the method for manufacturing a microbolometer 
structure are met by covering a semiconductor substrate With 
a sacri?cial layer, patterning a top surface of said sacri?cial 
layer With a conventional lOW-Tc superconductor material, 
preferably niobium, and removing the sacri?cial layer from 
beneath a thin bridge of said conventional lOW-Tc supercon 
ductor material, thus leaving said bridge suspended over a 
semiconductor substrate and separated therefrom by an 
empty gap. 
The objectives concerning the method for using an 

antenna-coupled microbolometer are met by using a 
microbolometer Where the thermally sensitive element is a 
thin bridge of a conventional lOW-Tc superconductor mate 
rial, preferably niobium, suspended over a semiconductor 
substrate and separated therefrom by a vacuum gap, and 
biasing said bridge so that during operation a part of the 
middle of said bridge loses its superconductivity. 

The objectives concerning the imaging arrangement are 
met by using antenna-coupled microbolometers of the 
described kind in an imaging arrangement. 
A microbolometer structure according to the invention is 

characterized by the features recited in the characterizing 
part of the independent claim directed to a microbolometer 
structure. 

A bolometric imaging arrangement according to the 
invention is characterized by the features recited in the 
characterizing part of the independent claim directed to such 
an arrangement. 

A method for manufacturing a microbolometer structure 
according to the invention is characterized by the features 
recited in the characterizing part of the independent claim 
directed to such a method. 

A method for using an antenna-coupled microbolometer 
for detecting electromagnetic radiation according to the 
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invention is characterized by the features recited in the 
characterizing part of the independent claim directed to such 
a method. 

Advantageous embodiments of the 
described in the depending claims. 

The so-called hotspot effect or hotspot mode is a phe 
nomenon knoWn as such. It means that a part, but only a part, 
of a superconductor loses its superconductivity and starts 
behaving like a normal ohmic conductor. Around the 
“hotspot” part the rest of the superconductor remains in a 
superconducting state. The hotspot effect has been used in 
hot-electron bolometer mixers, as is knoWn from the pub 
lication D. Wilms Floet, E. Miedema, T. M. KlapWijk: 
“Hotspot mixing: A framework for heterodyne mixing in 
superconducting hot-electron bolometers”, Applied Physics 
Letters, 74(3):433*435, 1999. 

According to the invention, the hotspot effect is utiliZed in 
an antenna-coupled microbolometer so that a hotspot part 
emerges in the middle of the narroW bridge that constitutes 
the thermally sensitive element betWeen tWo antenna 
branches. A constant bias voltage is the most advantageous 
Way of biasing the antenna-coupled microbolometer in order 
to make the conditions favourable for the hotspot effect to 
appear. Voltage biasing has especially the advantageous 
effect of creating stabile bias conditions, i.e. a negative 
feedback situation: With a voltage bias the bias-related 
poWer dissipation Within the ohmic conductor region is 
proportional to the squared bias voltage value divided by the 
resistance of the ohmic conductor region. In other Words 
When the resistance of the ohmic conductor region increases, 
bias-related poWer dissipation decreases. If current biasing 
Were used, the feedback Would be positive: With a current 
bias the bias-related poWer dissipation Within the ohmic 
conductor region is proportional to the squared bias current 
value times the resistance of the ohmic conductor region. 

Using the hotspot effect in the Way described above 
requires a very effective thermal isolation betWeen the 
thermally sensitive element and the substrate that supports 
the antenna-coupled microbolometer. According to the 
invention the required grade of thermal isolation is achieved 
by using a so-called air-bridge as the thermally sensitive 
element. This means that a narroW neck or isthmus of the 
superconductor material that connects the antenna branches 
to each other is only supported at its ends, and spans over a 
gap Where an empty space separates it from the substrate. 
An advantageous Way of producing an air-bridge involves 

using a so-called sacri?cial layer on top of the actual 
substrate Wafer. The sacri?cial layer consists of a material 
that can be selectively removed for example in an etching 
process. A resist is distributed over the sacri?cial layer and 
patterned, after Which a layer of a superconductor material 
is produced onto the patterned, resist-covered Workpiece. A 
lift-off process is used to remove excess resist, leaving just 
the desired superconductor patterns on top of the sacri?cial 
layer. One part of the superconductor patterning is the 
narroW neck that is to constitute the air-bridge. The Work 
piece is then taken to an etching process, Which eats out the 
sacri?cial layer from uncovered areas and also produces an 
undercut at the edges of the superconductor patterns. The 
narroW neck is narroW enough to alloW the undercut to reach 
all the Way through the sacri?cial material beneath it, 
leaving an empty space betWeen the narroW neck of super 
conductor material and the substrate. 

The novel features Which are considered as characteristic 
of the invention are set forth in particular in the appended 
claims. The invention itself, hoWever, both as to its con 
struction and its method of operation, together With addi 

invention are 
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4 
tional objects and advantages thereof, Will be best under 
stood from the folloWing description of speci?c 
embodiments When read in connection With the accompa 
nying draWings. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 illustrates schematically an antenna-coupled 
microbolometer With tWo antenna branches, 

FIG. 2 illustrates an example of the physical appearance 
of the microbolometer components shoWn in FIG. 1, 

FIG. 3 illustrates the appearance of an empty gap betWeen 
a thermally sensitive element and the substrate surface, 

FIG. 4 illustrates schematically a method according to an 
embodiment of the invention, 

FIG. 5 illustrates certain concepts that are needed in a 
theoretical analysis of microbolometer performance, 

FIG. 6 illustrates a measurement connection that can be 

used to test an antenna-coupled microbolometer, 
FIG. 7 illustrates a plot of current responsivity versus 

air-bridge resistance in an antenna-coupled microbolometer 
according to an embodiment of the invention and 

FIG. 8 illustrates a bolometric imaging arrangement 
according to an embodiment of the invention. 
The exemplary embodiments of the invention presented in 

this patent application are not to be interpreted to pose 
limitations to the applicability of the appended claims. The 
verb “to comprise” is used in this patent application as an 
open limitation that does not exclude the existence of also 
unrecited features. The features recited in depending claims 
are mutually freely combinable unless otherWise explicitly 
stated. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 1 illustrates the general structural principle of an 
antenna-coupled microbolometer With tWo antenna 
branches. A thermally sensitive element 101 connects the 
antenna branches 102 and 103 to each other. The thermally 
sensitive element 101 must be impedance-matched to the 
antenna branches 102 and 103 in order to avoid re?ection 
losses at the interfaces betWeen it and the antenna branches. 
Connections 104 and 105, Which here are shoWn at the 
opposite ends of the antenna branches 102 and 103, com 
plete the chain of elements, Which is sunk in a heat bath 106 
in order to keep it at a constant (or at least sloWly varying) 
temperature. When the antenna-coupled microbolometer is 
subjected to electromagnetic radiation of suitable Wave 
length, a time-varying electric current is induced that ?oWs 
betWeen the antenna branches 102 and 103 through the 
thermally sensitive element 101. Assuming that the ther 
mally sensitive element 101 has some electric resistance, an 
electric current ?oWing therethrough causes an increase in 
its temperature. By monitoring the changes of the local 
temperature of the thermally sensitive element 101 it is 
possible to deduce the intensity of electromagnetic radiation 
that hit the antenna-coupled microbolometer. 

FIG. 2 illustrates an example of the physical appearance 
of the elements 101, 102, 103, 104 and 105. The thermally 
sensitive element 101 is a narroW neck or isthmus that 
connects together the inner ends of the antenna branches 102 
and 103, Which are the opposite branches of a logarithmic 
spiral antenna. The outer ends of the antenna branches 102 
and 103 continue as coupling pads 104 and 105 respectively 
for connecting the antenna to biasing and readout circuitry. 
The impedance matching betWeen the narroW neck or isth 



US 7,078,695 B2 
5 

mus 101 and the inner ends of the antenna branches 102 and 
103 is achieved in a manner known as such by properly 
dimensioning the regions Where each inWards spiralling 
antenna branch meets the corresponding end of the narroW 
neck or isthmus 101. The Whole structure shoWn in FIG. 2 
is made of a single, continuous sheet of a lOW-Tc supercon 
ductor material, preferably niobium, onto a planar surface of 
a substrate that is not speci?cally shoWn in FIG. 2. It should 
be noted that a logarithmic spiral antenna is not the only 
choice for the basic form or type of the antenna; also other 
knoWn bolometer antenna types such as a double-slot 
antenna or any other lithographically manufactured antenna 
could be employed. A logarithmic spiral antenna has the 
advantage of having a very Wide operational frequency band 
and a real (non-complex) input impedance. 

Everything in the antenna except the part of the thermally 
sensitive element Where antenna currents are dissipated 
should be kept as lossless as possible. In the case of a 
single-layer Nb antenna this means that operational frequen 
cies (the radiation frequencies to be detected) should remain 
beloW the gap frequency of Nb, Which is in the order of 700 
GHZ. If higher frequencies are to be detected, an additional 
loW resistivity metalliZation layer is needed, such as gold. As 
such, the subject of e?iciently coupling electromagnetic 
radiation to lithographically manufactured microbolometer 
antennae is previously knoWn and thus outside the scope of 
the present invention. It has been treated for example in the 
publications M. E. MacDonald, E. N. Grossman: “Niobium 
microbolometers for far-infrared detection”, IEEE Transac 
tions on MicroWave Theory and Techniques, 43 (4):893*896, 
April 1995; and E. N. Grossman, J. E. Sauvageau, D. G. 
McDonald: “Lithographic spiral antennas at short Wave 
lengths”, Applied Physics Letters, 59(25):3225*3227, 
December 1991. 

The exemplary dimensions of the structure shoWn in FIG. 
2 are such that the length and Width of the narroW neck or 
isthmus 101 are 15 um and 1 pm respectively, and the overall 
Width across the double spiral pattern Without the coupling 
pads 104 and 105 is in the order of 300 um. 

FIG. 3 is a partial cross-section through an antenna 
coupled microbolometer structure like that of FIG. 2, shoW 
ing the appearance of the central region. A substrate 301 acts 
as a support for the Whole structure. The substrate 301 is 
typically a semiconductor Wafer, for example a high-resis 
tivity Si Wafer. On one planar surface of the substrate 301 
there is a sacri?cial layer, of Which parts 302 and 303 are 
shoWn in FIG. 3. These are the parts of the sacri?cial layer 
Which are directly beneath the inner ends of the antenna 
branches. The material of the sacri?cial layer is something 
that is suitable for producing undercuts by etching. An 
example of the sacri?cial layer material is Si3N4. On top of 
the sacri?cial layer there is a layer 304 of a lOW-Tc super 
conductor material, preferably niobium, from Which patterns 
such as those shoWn in FIG. 2 have been produced. As a part 
of the patterning there is the narroW neck or isthmus 305. 
BetWeen the narroW neck or isthmus 305 and the substrate 
301 the sacri?cial layer has been completely eaten aWay, 
leaving there a gap 306. The narroW neck or isthmus 305 
thus constitutes an air-bridge. A typical height of the gap 
306, ie the shortest separation betWeen the substrate surface 
and the air-bridge, is in the order of 2 um (micrometers). 

FIG. 4 illustrates an advantageous process for manufac 
turing an antenna-coupled microbolometer structure accord 
ing to the invention. The process starts at step 401 Where a 
substrate is covered With a sacri?cial layer. A typical sub 
strate is a nitridiZed high-resistivity Si Wafer, Where the 
nitride has a nominal thickness of 1 pm and acts as the 
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6 
sacri?cial layer. At step 402 the surface of the sacri?cial 
layer is covered With a resist. The type of resist should be 
chosen according to the lithography method that is to be 
used. In this exemplary embodiment We use electron beam 
lithography, Which means that for example a double layer 
PMMA-MAA/MAA electron resist can be used, Where 
PMMA-MAA is a copolymer of methyl methacrylate and 
methacrylic acid, and MAA is methacrylic acid. Exemplary 
thicknesses of the resist layers are 350 nm (nanometers) for 
the bottom (PMMA-MAA) layer and 300 nm for the top 
(MAA) layer. If another lithography method like optical 
lithography Was used, the resist(s) and resist layer thickness 
(es) should be selected accordingly. 
At step 403 the resist is patterned in an electron beam 

process to obtain the patterns necessary for the antenna 
branches, the air-bridge and the heaters. After patterning, at 
step 404, a layer of lOW-Tc superconductor material, pref 
erably niobium, is deposited onto the patterned surface. 
Typical process parameters for Nb evaporation at an UHV 
(Ultra-High Vacuum) electron gun evaporator are a base 
pressure of 10-9 Torr and a rate of 3 A/s. The thickness of 
the Nb layer is typically in the order of 100 nm. At the lift-off 
step 405 excess resist and the unWanted Nb remnants 
thereupon are Washed aWay in a solvent, leaving only the 
required Nb patterns on top of the surface of the sacri?cial 
layer. 
The purpose of the etching step 406 is to etch aWay the 

sacri?cial layer from uncovered areas as Well as from 
beneath the neck or isthmus that connects the antenna 
branches to each other. In this exemplary process dry etching 
With a mixture of CF4 and O2 gases is suggested at a 
relatively high pressure of 50 mTorr, in order to achieve 
isotropic etching of the sacri?cial layer. By prolonging the 
etching step it is possible to etch aWay even some of the 
substrate material if required, once the sacri?cial layer has 
been completely eaten out on the exposed areas. 
We Will noW describe a theoretical model for the opera 

tion of an air-bridge of the above-described kind, a central 
part of Which is in a normal ohmic conducting state While the 
ends of the air-bridge are in a superconducting state. FIG. 5 
is a schematic illustration of such a situation. The Whole 
length of the air-bridge is l, and symmetrically around the 
middle point thereof is a normal-state region the length of 
Which is l”. A reasonably good assumption is that heat ?oW 
only in the x-direction (the longitudinal direction of the 
air-bridge) needs to be considered. The equations that 
describe the heat ?oW through the air-bridge are 

Where KN is the thermal conductivity for material in the 
normal state, 
T is temperature, 
x is dimension in the x-direction, 
V is bias voltage across the air-bridge, 
p is the resistivity of the material in the normal state, 
1” is the length of the normal-state region, 
Popt is optical poWer coupled to the antenna, 
W is the Width of the air-bridge, 
t is time and 
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K5 is the thermal conductivity for material in the super 
conducting state. 

The normal-state region of the air-bridge is the only place 
Where dissipation takes place, Which holds both for dissi 
pation of optical poWer and for ohmic dissipation due to the 
bias voltage. For this assumption to hold We must assume 
that the frequency of the incoming radiation is beloW the gap 
frequency of the superconductor material. Boundary condi 
tions arise from the facts that at the ends of the air-bridge 
temperature must be equal to a constant (the temperature T0 
of the heat bath), and at the interfaces betWeen the normal 
state region and the superconducting regions surrounding it 
the ?rst derivative of T in respect of x must be continuous. 
Additionally it is reasonable to assume that the local extreme 
value of T must occur at the middle of the normal-state 
region. 

Under test conditions the antenna is in the dark, i.e. no 
optical poWer is involved. However, even in an optical 
measurement the optical poWer is in the order of tens of 
picoWatts While the bias-related poWer is tens of nanoWatts, 
i.e. the optical poWer is negligibly small. Mathematically 
P0Pt/Wtln<<V2/pln2, so We may Write a solution for a steady 
state current I as a function of bias voltage V as 

Vwl 

pl 

Where Tc is the critical temperature of the superconductor 
material, T0 is the temperature of the heat bath and the other 
symbols are as in formulas (1) and (2). Here the second term 
on the right-hand side describes the ohmic behaviour of the 
resistive (normal-state) part of the air-bridge, and the ?rst 
term gives the effect of the electro-thermal feedback. When 
the voltage V is small, the bias dissipation is constant and 
equal to 4KS(Tc—TO)WI/l. 

FIG. 6 illustrates a test measurement arrangement for 
measuring the current and voltage characteristics of an 
air-bridge that constitutes the thermally sensitive element in 
an antenna-coupled microbolometer according to the inven 
tion. The microbolometer 601 is placed into a vacuum 
container 602 together With a SQUID (Superconducting 
Quantum Interference Device) current preampli?er 603, 
Which is additionally enclosed into a shield 604 made of 
superconductor material, such as niobium. The vacuum 
container 602 is immersed in liquid helium to provide a heat 
bath 605, the temperature of Which can be monitored With a 
thermometer 606. A controllable bias voltage source 607, 
coupled in series With a current limiting resistor 608, is used 
to provide a bias voltage to the microbolometer 601 so that 
a shunt resistor 609 is connected in parallel With the 
microbolometer 601. A bias control unit 610 can tune the 
output voltage of the bias voltage source 607 so that desired 
bias voltage values across the microbolometer 601 are 
obtained. Tuning is ideally stepless, although a digitally 
controlled bias voltage can also be used if the tuning steps 
are small enough, in the order of microvolts. An exemplary 
resistance value both for the series resistor 608 and the shunt 
resistor 609 is 1.2 kQ, and an exemplary maximum output 
voltage of the bias voltage source 607 is 18 V. 

During an exemplary test measurement the bias voltage is 
?rst set high enough so that the Whole air-bridge in the 
microbolometer 601 is in normal state. The bias voltage is 
gradually decreased until there is seen a negative differential 
resistance, Which signi?es that a reduction in bias voltage 
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8 
has shortened the length of the normal-state region at the 
middle of the air-bridge. The bias voltage can be further 
loWered until the resistance of the air-bridge becomes com 
parable With the resistance of the shunt resistor 609. At this 
point the bias condition becomes unstable and approaches a 
current bias, and the Whole air-bridge latches into supercon 
ducting state. Another measurement sWeep can be per 
formed after increasing the current through the air-bridge 
again high enough above the critical current so that the 
Whole length of the air-bridge goes into the normal state 
again. 

Measurements like that described above result in a num 
ber of current vs. voltage results. We may assume that all 
other parameters in equation (3) are constant and estimate 
the KS and p values by mathematically ?tting the results into 
the curve de?ned by equation (3). A calculation Was per 
formed as a part of the development of the present invention, 
giving KS:1.44 W/Km, Which is more than an order of 
magnitude smaller than that for niobium in normal state. 
From a publication R. C. Jones: “The general theory of 

bolometer performance”, J. Opt. Soc. Am., 43(1): 1*14, 1953 
it is knoWn that for any resistive bolometer, the electrical 
responsivity can be calculated from the I—V curve using the 
differential ZIdV/dI and bias point resistance RIV/I. The 
parameter describing the negative electro-thermal feedback 

(ETF) in the bolometer is the loop gain, given by L:[3(Z— 
R)/(Z+R). It can be calculated from equation (3), yielding 

L:4[3KSp(Tc—TO)/V2. Here [3:(R—RS)/(R+RS) describes the 
in?uence of the voltage source impedance on the ETF. The 
loop gain depends actually on frequency, but this depen 
dency can be neglected if We assume that the device 
response is much faster than any typical signal. In the 
context of the present invention We have assumed that the 
thermal time constant of the antenna-coupled microbolom 
eter is in the order of one microsecond, Which is fast enough 
if the signal to be detected is Within the range of audio 
frequencies. A general treatment of a voltage biased bolom 
eter yields a result for the current responsivity S 1 

(4) 

Which approaches a value —1/V When Lis large. 
FIG. 7 is an approximated graphical representation of the 

current responsivity of an antenna-coupled microbolometer 
according to an embodiment of the present invention as a 
function of the resistance of the air-bridge. The curve 701 
has been calculated from the ?t betWeen the measurement 
I—V characteristics and equation (3). The most interesting 
region is that there the bias resistance of the air-bridge can 
be matched directly to a lithographic antenna. For example 
at bias resistance value 75 Q the air-bridge is perfectly 
matched to the impedance of a logarithmic spiral antenna on 
Si, and the current responsivity is about —450 A/W. A 
double-slot antenna is knoWn to have an even loWer imped 
ance, so using such an antenna instead of the logarithmic 
spiral oneWould alloW obtaining an even larger absolute 
value of current responsivity. 
The measurement coupling shoWn in FIG. 6 can be used 

to investigate the noise characteristics of the combination of 
an antenna-coupled microbolometer and a SQUID current 
preampli?er according to an embodiment of the invention. 
The output of the SQUID current preampli?er 603 is then 
coupled to a spectrum analyZer and the microbolometer 601 
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is biased consecutively at different points on the I-V curve. 
In such an arrangement the spectrum analyzer receives a 
combination of uncorrelated contributions from the random 
?uctuations of heat exchanged betWeen the normal-state 
region of the air-bridge and the heat sink, Johnson noise of 
the resistive part, and noise from the SQUID. The ?rst of 
these is the phonon noise current, Which according to a 
publication I. C. Mather: “Bolometer noise: non-equilibrium 
theory”, Applied Optics, 2l(6):ll25*ll29, March 1982 is 
given by 

(5) 

Where y:0.46 describes the effect of the temperature gradi 
ent in the bridge to the phonon noise and G is the thermal 
conductance betWeen the air-bridge and the heat bath, 
expressed in Watts per kelvin. Taking into account the ETF, 
the Johnson noise current is given by 

The SQUID has a current noise in, Which is knoWn from 
the speci?cations of the SQUID and almost constant 
throughout the interesting region of the I-V curve that 
represents air-bridge resistance values beloW 1009. The 
squared total NEP of the Whole combination is given by 

(6) 

.2 i: 

ISII2 

Equations (5), (6) and (7) as Well as the measured or 
estimated current noise of the SQUID can be used to 
compose a theoretical prediction of the noise characteristics. 
A practical measurement Was performed as a part of the 

development Work of the present invention, monitoring the 
noise spectral density at 10 kHZ, Which is Well beloW the 
knee of the estimated thermal cut-off frequency of l MHZ. 
Some exemplary total NEP values from the practical mea 
surement are presented in Table 1. 

TABLE 1 

Resistance of air-bridge, Q NEP, WVNHZ 

55 34 
60 30 
68 25 
70 23 
75 21 
95 30 

The total NEP values obtained from practical measure 
ments are otherWise in line With said theoretical prediction, 
but With very small bias voltage values beloW 0.9 mV, Where 
the resistance of the air-bridge is less than about 25 Q the 
measured values are some tens of per cent greater than 
predicted. All in all the measured NEP values remain at a 
level of some ?ftieth part of those typical to prior art 
antenna-coupled microbolometers knoWn to the inventor. 
Better noise matching With the SQUID readout could loWer 
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10 
the NEP even further. The geometry of the air-bridge and its 
connection to the antenna could also be optimised to reduce 
the geometrical inductance of the device and to improve the 
thermal isolation even further. 

FIG. 8 illustrates an imaging arrangement according to an 
embodiment of the invention. The most important element 
for the purpose of detecting electromagnetic radiation and 
converting it into an image is an imaging array 800, Which 
comprises a multitude of antenna-coupled microbolometers 
and their associated SQUID current preampli?ers. Each 
microbolometer-preampli?er pair constitutes a pixel in the 
imaging array 800. In order to achieve vacuum isolation of 
the air-bridges of the antenna-coupled microbolometers, the 
imaging array 800 comprises a vacuum container 801 for 
supporting a vacuum environment around the antenna 
coupled microbolometers. Additionally in order to achieve 
superconductivity, the imaging array 800 is enclosed in a 
cryostat 802 that is arranged to keep the imaging array 800 
at a suitably loW constant temperature, like 4.2 K. The 
temperature is most advantageously continuously monitored 
With a thermometer 803. The imaging arrangement com 
prises also an quasioptical system 804 for conducting elec 
tromagnetic radiation from an object to be examined onto 
the imaging array 800. 
The exact pressure value inside the vacuum container 801 

is not of utmost importance, because the main reason for 
using a vacuum around the antenna-coupled microbolom 
eters is just the aim of achieving good thermal isolation. The 
better the vacuum, the better the thermal isolation and thus 
the loWer the phonon noise current. Cooling the imaging 
array to the level of 4.2 K actually serves to provide a 
relatively good vacuum, because at 4.2 K all other gases than 
helium have been froZen onto the inner Walls of the vacuum 
container and only helium can appear in gaseous form. The 
vacuum container can be made tight enough relatively easily 
by using conventional practices. 

Regarding the quasioptical system 804 it should be noted 
that antenna-coupled microbolometers are frequently 
coupled to the incoming radiation through the substrate, 
because the fact that the antenna resides on a substrate 
having a high dielectric constant (such as Si) causes the 
directivity pattern of the antenna to be heavily directed into 
the substrate. The resistivity of the substrate must be high in 
order to minimiZe absorption Within the substrate. The 
quasioptical lens is thus typically placed at the substrate-air 
(or substrate-vacuum) interface on the opposite side of the 
substrate. This prevents the generation of the so-called 
substrate modes. It Would be at least theoretically possible to 
manufacture the antenna and the bolometer onto a self 
supporting nitride WindoW, Which Would be obtained 
through anisotropic etching of nitridiZed silicon, and to 
place a suitable re?ector or Waveguide element behind the 
WindoW. The WindoW material itself could be etched aWay 
from areas Where no metalliZations exist, leaving a self 
supporting antennaiair-bridge combination. HoWever, it is 
unfortunately very probable that excessive tension Would 
snap the air-bridge at the step of etching aWay the nitride. 
The outputs of the SQUID current preampli?ers are 

coupled to a readout multiplexing arrangement 805 that is 
capable of reading an output signal (a current measurement 
value) from each preampli?er separately and of conducting 
the readings so obtained into a general control unit 806. 
Some parts of the readout multiplexing arrangement 805 can 
even be located Within the cryostat 802, especially if such 
parts have been integrated into a common structural entity 
With the imaging array 800. The control unit 806 also 
provides control commands to a bias voltage control unit 
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807, Which is arranged to drive a tunable bias voltage source 
808 that generates the tunable bias voltage that is the same 
for all antenna-coupled microbolometers in the imaging 
array 800. There is also a coupling from an output of the 
thermometer 803 to the control unit 806 for providing the 
latter With up-to-date information about the present tem 
perature Within the cryostat 802. 

The control unit 806 is arranged to collect the measure 
ment value readings that it obtains through the readout 
multiplexing arrangement 805 and to arrange this informa 
tion into digital images, Which it can store into storing means 
809 and/or display on displaying means 810. A user can 
control the operation of the control unit 806 through a user 
input interface 811 coupled thereto. 

It is very advantageous to use SQUID current preampli 
?ers (or more generally: loW-noise preampli?ers that utiliZe 
superconductivity in their operation) in an imaging arrange 
ment according to the invention, for multiple reasons. 
Firstly, it is relatively straightforward to integrate such 
preampli?ers into a common structure With the antenna 

coupled microbolometers either by manufacturing them 
directly onto the same semiconductor substrate With the 
microbolometers or by bonding suitable, separately manu 
factured preampli?er chips onto such a semiconductor sub 
strate. Secondly, as a consequence of that above, it is 
possible to accurately match the characteristics of the 
microbolometers and ampli?ers together in order to mini 
miZe noise and losses. Thirdly, loW-noise preampli?ers that 
utiliZe superconductivity in their operation dissipate very 
little poWer by themselves, Which means that they are 
unlikely to cause problems related to any excessive heat 
generation Within the cryostat. 
When the bias voltage for each antenna-coupled microbo 

lometer Within the imaging array is the same, the current 
readings from the SQUID current preampli?ers directly 
reveal the image data values, i.e. the relative intensities of 
radiation detected at different pixels. The control unit typi 
cally comprises automatic bias voltage adaptation routines 
that dynamically tune the bias voltage value so that the 
dynamic range of the imaging array is utiliZed most effi 
ciently in respect of momentary overall intensity of radiation 
to be detected. 

The ultimate loWer limit for the number of pixels (i.e. the 
number of microbolometeripreampli?er pairs) is one, in 
Which case the imaging arrangement is merely a simple 
radiation intensity detector that can only be used for imaging 
if it comprises means for selecting and changing the direc 
tion from Which radiation is received. There is no theoretical 
upper limit for the number of pixels, but in practice an upper 
limit comes from the fact that semiconductor Wafers only 
come in certain siZes and each microbolometeripreampli 
?er pair reserves a certain ?nite space on the surface of the 
semiconductor Wafer. 
The speci?c embodiments of the invention that have been 

discussed above should not be construed as placing limita 
tions to the applicability of the appended claims. For 
example, even if only a lift-off process Was described above 
as means for pattering a substrate, it is clear to the person 
skilled in the art that also suitable Wet etching can be used. 
Likewise it is possible to vary the relations betWeen the 
antenna-coupled microbolometers and the associated 
SQUID preampli?ers: above it Was assumed that each 
microbolometer has its oWn SQUID preampli?er and the 
outputs of the SQUID preampli?ers are multiplexed, but 
also an alternative approach can be taken Where several 
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12 
antenna-coupled microbolometers are multiplexed to use a 
single SQUID preampli?er. Multiplexing of the last-men 
tioned kind can be achieved for example through the use of 
suitable thermal sWitches. 

The invention claimed is: 
1. A bolometric imaging arrangement, comprising: 
an antenna-coupled microbolometer, comprising a sub 

strate, an antenna supported by the substrate and a 
thermally sensitive element connected to the antenna 
and arranged to dissipate electric currents induced into 
the antenna, of Which both the antenna and the ther 
mally sensitive element comprise material that is sus 
ceptible to achieving a superconductive state beloW a 
certain critical temperature; 

Wherein the thermally sensitive element is supported at a 
distance from the substrate leaving an empty gap 
betWeen the thermally sensitive element and a surface 
of the substrate, and Wherein the bolometric imaging 
arrangement comprises a vacuum container for enclos 
ing the antenna-coupled microbolometer in a vacuum 
environment and a cryostat for keeping the antenna 
coupled microbolometer under the critical temperature, 
and Wherein the bolometric imaging arrangement com 
prises biasing means adapted to bias the thermally 
sensitive element into a state in Which a part of its 
length, less than its total length, is in a normal ohmic 
conducting state. 

2. A bolometric imaging arrangement according to claim 
1, additionally comprising a SQUID current preampli?er 
coupled to the antenna-coupled microbolometer for measur 
ing electric currents that How through the antenna and the 
thermally sensitive element. 

3. A bolometric imaging arrangement according to claim 
2, comprising: 

an imaging array With a multitude of mutually associated 
antenna-coupled microbolometer and SQUID current 
preampli?er pairs, so that each antenna-coupled 
microbolometer and SQUID current preampli?er pair 
Within the imaging array constitutes a pixel for pro 
ducing a data value representative of an intensity of 
electromagnetic radiation detected at the location of the 
pixel, 

readout multiplexing means for selectively reading data 
values from pixels in the imaging array, and 

control means for converting read data values into images 
that represent the distribution of detected electromag 
netic radiation across the imaging array. 

4. A bolometric imaging arrangement according to claim 
2, comprising: 

an imaging array With a multitude of antenna-coupled 
microbolometers, so that each antenna-coupled 
microbolometer Within the imaging array constitutes a 
pixel for producing a data value representative of an 
intensity of electromagnetic radiation detected at the 
location of the pixel, 

Within the imaging array a SQUID current preampli?er 
and 

multiplexing means for selectively coupling outputs from 
pixels in the imaging array into the SQUID current 
preampli?er, 

readout means for selectively reading data values from 
pixels in the imaging array through the SQUID pream 
pli?er, and 

control means for converting read data values into images 
that represent the distribution of detected electromag 
netic radiation across the imaging array. 



US 7,078,695 B2 
13 

5. A method for detecting electromagnetic radiation With 
an antenna-coupled microbolometer that comprises a sub 
strate, an antenna and a thermally sensitive element con 
nected to the antenna and arranged to dissipate electric 
currents induced into the antenna, of Which both the antenna 
and the thermally sensitive element comprise material that is 
susceptible to achieving a superconductive state beloW a 
certain critical temperature, and the thermally sensitive 
element is supported at a distance from the substrate leaving 
an empty gap betWeen the thermally sensitive element and 
a surface of the substrate, the method comprising the steps 
of: 

enclosing the antenna-coupled microbolometer in a 
vacuum environment and keeping the antenna-coupled 
bolometer under the critical temperature, 

biasing the antenna-coupled microbolometer With a bias 
voltage, 
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detecting an amount of electric current that ?oWs through 

the antenna-coupled microbolometer and 
deducing Which part of the detected amount of electric 

current Was due to electromagnetic radiation received 
by the antenna; 

Wherein the step of biasing the antenna-coupled microbo 
lometer comprises selecting the bias voltage so that the 
bias-induced electric current through the antenna 
coupled microbolometer and received radiation 
induced electric current through the antenna-coupled 
microbolometer together heat the thermally sensitive 
element enough to cause a part of its length, less than 
its total length, to remain in normal ohmic conducting 
state. 


